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The effect of Z3 symmetry on the general Two Higgs Doublet Model is explored. Of particular
interest is the question of what can a Z3 symmetry do beyond the usual case with Z2. There are
two independent scenarios that give some interesting results: first, by giving non-trivial charges
to the Standard Model fermions, it is possible to use the Z3 symmetry of the scalar potential to
generate potentially useful Yukawa textures. This is not possible with Z2. A series of possibilities
is presented where their viability is addressed and a specific example in the quark sector is given
for concreteness. The second venue of interest is in the area of inert doublets. It is shown that by
considering the Standard Model plus two additional inert doublet scalars, i.e. a Dark Two Higgs
Doublet Model, together with Z3, a scenario can be obtained that differs from the Z2 case. Some
general comments are presented on the potentially interesting phenomenology of such model.
I. INTRODUCTION
Two Higgs Doublet Models (2HDMs) have been studied for a long time. They represent the next non-trivial step
in complication beyond the Standard Model (SM) and yet, the simple addition of one scalar doublet, enriches the
phenomenology substantially, leading to a wide spectrum of interesting phenomenological and theoretical possibili-
ties [1, 2].
From the beginning it was realized that discrete symmetries play an important role in the scalar potential. In
particular Z2 symmetry has been widely used to restrict the general 2HDM potential leading to interesting and
potentially relevant phenomenological consequences. In this letter we explore the general 2HDM with Z3 symmetry
and point out some interesting scenarios that could behold a phenomenological interest. In particular we are interested
in finding features not present in the Z2 symmetry case that might lead to interesting models. The first and strongest
realization of this comes from the fact that the Z3 symmetry may also affect the fermions fields in a non-trivial way, as
opposed to the Z2 case, leading to peculiar Yukawa textures [3]. We find that in fact this happens in the quark sector
for a class of models where one of the doublets is restricted to couple to the second and third quark family, while the
other doublet couples to everything. Given appropriate Z3 charges for the different quark fields and scalar doublets,
acceptable Yukawa textures that lead to the correct Cabibbo-Kobayahi-Maskawa (CKM) matrix can be obtained.
Another interesting and timely venue is that of the so-called inert models, i.e. scenarios where there can be scalar
doublets with vacuum expectation values (vevs) equal to zero and a discrete symmetry, usually Z2, that prevents the
lightest one from decaying [7, 8]. Since the vevs of these scalar fields are zero, they do not contribute to symmetry
breaking. Furthermore, their charges (and that of the fermions in the SM) are chosen so that they do not couple to
SM fermions - thus they are inert. In this case we address the issue of whether or not Z3 symmetry can be used to
stabilize a dark matter candidate and if a difference from the Z2 case can be obtained. The answer to both questions
is positive and we present the specific case where that happens. It consists on an extension to three scalar doublets:
one active and a dark-2HDM with Z3 symmetry.
In section II we present the general setup for the scalar potential and the analysis in the Yukawa sector. Section III
contains different sets of possible models with their generated Yukawa textures. The different inert type scenarios are
presented in section IV and we end with some final comments in section V.
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2II. ANALYSIS
A. General scalar sector
There are two SU(2) doublets Hi, i = 1, 2, with the same hypercharge. We impose a Z3 symmetry under which
an arbitrary field field F transforms as F → F ′ = ωnfF , where ω ≡ exp(2πi/3) and |nf | ∈ {0, 1, 2}. We say the
field F has charge nf under Z3. For simplicity we assume CP conservation in the scalar sector and thus all vevs and
couplings are taken to be real.
The general SU(2)W×U(1)Y invariant scalar potential can be written as
V (H) = µ2ijH
†
iHj + λijkl
(
H†iHjH
†
kHl + h.c.
)
, (1)
where i, j = 1, 2. Denoting the Z3 charges of H1 and H2 as nh1 and nh2 respectively we can express the Z3 charges
of each term in the potential using the coefficients µ and λ. For example the coefficients of the (always) invariant
quadratic terms involving H1 or H2 (but not their mixing) are said to have zero charge: [µii] = 0. The other invariant
terms are [λiiii] = [λijji ] = 0. The rest are obtained from the following relations ( i 6= j):
[µij ] = −[µji] = [λiiij ] =
1
2
[λijij ] = nhj − nhi (mod 3) , (2)
[λijii] = [λiiij ] = − [λjiii] = − [λiiji] . (3)
Note that the particular case where nhj −nhi 6= 0 (mod 3) leads to a Z2 invariant potential: it does not have H
†
iHj
quadratic terms and only six quartic terms survive. Also, If both scalars develop nonzero vevs, the gauge symmetry is
completely broken and soft breaking terms must be included in order to obtain a U(1)em invariant vacuum [1]. Thus
we are interested in the situation where nhj − nhi 6= 0 (mod 3) and the possible consequences that this may have in
the Yukawa sector. The case nh1 = nh2 is possible but uninteresting.
B. Yukawa sector
The Yukawa sector of the general scenario is given by
LY = Y
ui
abQaH˜iub + Y
di
abQaHidb + h.c. , (4)
where i = 1, 2, a, b = 1, 2, 3, and H˜i ≡ iσ2H
∗
i . Denoting the Z3 charges of the different fields by nhi , nqa , nua , nda ,
the ”charge” associated to the Yukawas become[
Yuiab
]
= nub − nqa − nhi (mod 3) , (5)[
Ydiab
]
= ndb − nqa + nhi (mod 3) . (6)
These expressions can be used to determine the type of Yukawa textures that can be obtained from different charge
assignments. Our purpose in this work is to present a few possibilities that can lead to the construction of models
and so, instead of making a full classification of all possible models (as has been done in [3]), we explore some specific
arrangements that we feel can be of phenomenological interest. We restrict the discussion to the quark sector for
the moment (in order not to include the extra fields required to explore the lepton sector [4]) but stress that the
possibilities presented here can be successfully extended, as will be shown in a future publication.
III. PARTICULAR CASES: YUKAWA TEXTURES
A. One of up, one for down
An interesting possibility is whether or not the Z3 symmetry can be used for ”separating” the up and down-type
sectors. From Eqs.(5) and (6) it can be seen that this happens for the following case: given nqa for Qa, then H1
couples to the up-type sector and H2 to the down-type one if nh1 6= nh2 , nub = nqa + nh1 , and ndb = nqa − nh2 (
(mod 3) is implied in all these relations).
3Analyzing the different charge combinations leads to Yukawa matrices that are either diagonal or block-diagonal,
i.e., the possible textures are
Y ∼

 ⋆ 0 00 ⋆ 0
0 0 ⋆

 , Y ∼

 ⋆ ⋆ 0⋆ ⋆ 0
0 0 ⋆

 , Y ∼

 ⋆ 0 00 ⋆ ⋆
0 ⋆ ⋆

 . (7)
These textures are not useful as they do not lead to the observed CKM matrix [5, 6].
B. Avoiding one and one for all
Another possibility consists on having a doublet, say H1, coupling to all three families while the other couples only
to the 2− 3 sector (thus avoids one!). This happens when the following conditions are met:
[nq2 ] = [nq3 ] , [nu2 ] = [nu3 ] , [nq1 ] 6= [nu3 ]− [nh2 ] ,
[nu1 ] 6= [nq3 ] + [nh2 ] , [nu1 ] 6= [nq1 ] + [nh2 ] (mod 3). (8)
Given a value for nh2 there are six possible combinations that satisfy the conditions above. The 18 combinations
are given in table I.
nh2 nu3 nq3 nu1 nq1 nh2 nu3 nq3 nu1 nq1 nh2 nu3 nq3 nu1 nq1
0 0 0 1 2 1 0 2 1 1 2 0 1 1 0
0 0 0 2 1 1 0 2 2 0 2 0 1 2 2
0 1 1 0 2 1 2 1 0 0 2 1 2 0 0
0 1 1 2 0 1 2 1 1 2 2 1 2 2 1
0 2 2 0 1 1 1 0 0 1 2 2 0 0 1
0 2 2 1 0 1 1 0 2 2 2 2 0 1 2
Table I: Given a charge for nh2 , this table lists the 18 possible charge combinations consistent with Eqs.(8) for all remaining
fields. The case in bold case is used later in the text, this is why it has been singled out.
As an example consider the (bold case) case in the third row of the first column of Table I. It corresponds to the
following charge assignments: nu1 = 0, nu2 = nu3 = 1, nq1 = 2, nq2 = nq3 = 1, and nh2 = 0. Then, writing the
up-type quark mass matrix as Yu ≡ Yu1 + Yu2, we get
Yu2 =

 0 0 00 ⋆ ⋆
0 ⋆ ⋆

 , Yu1[nh1 = 1] =

 0 0 00 0 0
0 0 0

 , Yu1[nh1 = 2] =

 0 ∗ ∗∗ 0 0
∗ 0 0

 , (9)
and so the two possibilities
Yu[nh1 = 1] =

 0 0 00 ⋆ ⋆
0 ⋆ ⋆

 , Yu[nh1 = 2] =

 0 ∗ ∗∗ ⋆ ⋆
∗ ⋆ ⋆

 . (10)
In these expressions the symbols ⋆ and ∗ represent products of unknown dimensionless coefficients with the vevs of
H2 and H1 respectively. The second possibility in Eq. (10), corresponding to nh1 = 2, is clearly viable (of course one
now has to determine the down-type sector as well as leptons) while the first one does not work.
Lets check the down-type sector. Concentrating on the second case, i.e. the one corresponding to nh1 = 2, and
using Eq. (6), we obtain (expressing the charges of each entry):
[
Yd1[nh1 = 2]
]
=



 nd1 nd2 nd3nd1 + 1 nd2 + 1 nd3 + 1
nd1 + 1 nd2 + 1 nd3 + 1



 , [Yd2[nh1 = 2]] =



 nd1 − 2 nd2 − 2 nd3 − 2nd1 − 1 nd2 − 1 nd3 − 1
nd1 − 1 nd2 − 1 nd3 − 1



 .
(11)
4Now lets choose as an example the following charge assignments: nd1 = 1 and nd2 = nd3 = 2. Thus, we obtain
Yd2 =

 0 ⋆ ⋆⋆ 0 0
⋆ 0 0

 , Yd1[nh1 = 2] =

 0 0 00 ∗ ∗
0 ∗ ∗

 , (12)
leading to
Yd[nh1 = 2] =

 0 ⋆ ⋆⋆ ∗ ∗
⋆ ∗ ∗

 . (13)
Note that the role of H1 and H2 is inversely correlated between Y
u and Yd in Eqs. (10) and (13).
This example is one of several that can lead to interesting Yukawa textures in agreement with the CKM matrix.
A complete phenomenological analysis of these models, including the lepton sector, is beyond the scope of this letter
and will be presented in a future publication.
C. One up and one for all
One can also look for a case where one of the doublets (say H2) couples to the up-type sector only while the other
couples to everything. From Eq. (6) we obtain the restriction ndb 6= nh2 + nqa (mod 3). There are three possibilities:
i) all nqa are different and thus we cannot satisfy the condition, ii) two equal, i.e. WLOG nq1 = nq2 6= nq3 , then all
three nda must be equal leading to unacceptable Yukawa textures. Finally iii) where the three nqa are equal. This
last case leads to Yukawa matrices with either no zeros or complete columns equal to zero. These textures are not
useful.
IV. INERT MODELS
The inert model corresponds to the situation where all fields have zero charge under Z3 except for one of the scalar
doublets, say H2, and only H1 gets a nonzero vev. In this case the Z3 symmetry is not broken and there is a stable
neutral particle in the spectrum. Note that this case would correspond to the situation described right after Eq. (2)
where nh2 − nh1 6= 0, except that the correct breaking of the gauge symmetry is accomplished without any soft
breaking terms.
The potential in this case is given by
V (H1, H2) = µ
2
1
H†
1
H1 + µ
2
2
H†
2
H2 + λ1
(
H†
1
H1
)2
+ λ2
(
H†
2
H2
)2
+
+ λ3
(
H†
1
H1
)(
H†
2
H2
)
+ λ4
(
H†
1
H2
)(
H†
2
H1
)
, (14)
and it corresponds to the general (inert) case with arbitrary Zn (except for n = 2 where the term Re
(
(H†
1
H2)
2
)
is
also present). The Z3 case does not contribute anything new.
A potentially interesting extension is to consider a third Higgs doublet (for a similar case with Z2 see [9] and for
recent work where multi-inert doublets are explored see [10]). There are two possibilities: either two of them are
neutral under Z3 and the third one does not acquire a vev (hence this third one would contain the dark matter
candidate) or just one of the doublets is neutral and gets a vev with an additional ”Dark Two Higgs Doublet model”
D2HDM (note that this is different from the model presented in [11], where the authors used the same name for a
model with a normal 2HDM plus an inert singlet scalar.). Of course, in either case, the Z3 symmetry does not play
any role in the Yukawa sector and would be useful only in order to stabilize the dark matter candidate. The idea
would be to determine if using Z3 would give something different from the Z2 case.
Lets consider the first case and call it the Inert 3HDM. We introduce a third scalar doublet H3 charged under Z3
with charge nh3 and let H1 and H2 be neutral. The potential is given by
V (Hi) = µ
2
iH
†
iHi + λi
(
H†iHi
)2
+ λ ij
i<j
(
H†iHi
)(
H†jHj
)
+ λ′ij
i<j
(
H†iHj
)(
H†jHi
)
+
+
{
λ4
(
H†
3
H3
)(
H†
1
H2
)
+ λ123
(
H†
1
H3
)(
H†
3
H2
)
+ λ′′ab
a<b
(
H†aHb
) (
H†bHb
)
+ h.c.
}
,
(15)
5where i, j = 1, 2, 3 and a, b = 1, 2. Again, this potential is quite general and not specific to Z3. It is however interesting
and can, in principle, contain regions of parameter space where a viable dark matter candidate might exist. In order
to determine that one must check all appropriate conditions. At this moment we leave it open as a possibility and
jump to the other, namely, the D2HDM where there are two scalar SU(2) doublets charged under Z3 and one neutral.
Let H1 denote the Z3 neutral scalar. Then its vev breaks electroweak symmetry but leaves Z3 unbroken. The
potential in this case is more constrained and the number of terms depends on whether H2 and H3 have the same
non-zero Z3 charge or not:
V (Hi) = µ
2
iH
†
iHi + λi
(
H†iHi
)2
+ λ ij
i<j
(
H†iHi
)(
H†jHj
)
+ λ′ ij
i<j
(
H†iHj
)(
H†jHi
)
+
+
[
λ′′ab
(
H†
1
Ha
)(
H†bHa
)
+ h.c.
]
+
{
µ2
23
H†
2
H3 + λ123
(
H†
1
H1
)(
H†
2
H3
)
+ h.c.
}
,
(16)
with a = 2, 3 and where the terms inside the curly brackets survive in the case where H2 and H3 have the same Z3
charge, and so, if they do not, the potential without those terms is different from the one that we would obtained
using Z2 instead. .
The interesting (different from Z2) case then corresponds to nh3 6= nh2 leading to the Z3 invariant potential
V (Hi) = µ
2
iH
†
iHi + λi
(
H†iHi
)2
+ λ ij
i<j
(
H†iHi
)(
H†jHj
)
+ λ′ij
i<j
(
H†iHj
)(
H†jHi
)
+
[
λ′′ab
(
H†
1
Ha
)(
H†bHa
)
+ h.c.
]
. (17)
The ”dark” phenomenology of this model can be substantially different from the case with one inert doublet. This
D2HDM has two charged dark scalars, two dark pseudoscalars and two CP-even dark scalars. Depending on the mass
spectrum for the dark sector there will be interesting cascade and radiative processes not present in the case where
the is only on inert doublet [10]. A complete study of the properties and signals for this model along the lines of [10]
will be presented in a forthcoming publication.
V. CONCLUSION
We have explored some consequences of imposing Z3 symmetry to the scalar potential of the Two Higgs Doublet
Model. The exploration went into two main venues: on one hand, by charging the Standard Model fermions under
the Z3, it is possible to generate interesting Yukawa textures, something that the usual case with Z2 symmetry cannot
do. We have presented some cases that can lead to phenomenological viable models, namely cases that can reproduce
the CKM matrix and, if extended as in [4], the PMNS matrix in the lepton sector. The successful case corresponds
to a situation where one of the doublets is free to couple to all generations whereas the other is restricted to couple
to the 2− 3 sector only. Depending on the specific charges, several models can emerge with suitable Yukawa textures
and a full phenomenological analysis of those models will be presented elsewhere. We discussed other two scenarios
that however did not succeed in providing useful Yukawa textures: i) requiring one doublet to couple to the up-type
sector and the other to the down-type sector and ii) one doublet free to couple to everything while the other restricted
to the up-type sector.
The second venue of exploration consisted in the implementation of the so-called inert models within the framework
of Z3. In this case the doublet(s) that can get a vev must be neutral under Z3 (or any other symmetry that might
be used in the scalar sector) and so after electroweak symmetry breaking the Z3 si preserved. If there is a doublet
(or several) that is charged nontrivially under the Z3 (and thus is not allowed to have a vev), then there is a stable
particle in the spectrum that can in principle become a dark matter candidate. We showed that a particularly
promising scenario is the one in which there is the usual Standard Model Higgs doublet plus two inert doublets with
Z3 symmetry, a Dark Two Higgs Doublet Model. This scenario can be different from the one with Z2 symmetry and
can lead to interesting phenomenology. A full analysis of this model is under investigation.
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